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ABSTRACT 
The superior weight normalized properties of aluminum foam make it ideal for 
use in sandwich panels; its high-energy absorption capabilities make it ideal for use 
in impact isolation. A problem that arises in the use of foam is the lack of 
information of its behavior in the presence of notches or holes. This type of non 
uniform loading arises whenever foam must be attached to other materials by the 
use of bolts rivets or other fasteners. 
An experimental framework was embraced here to understand the 
characteristics of the near crack tip deformation field in ductile cellular materials. For 
this purpose, Alporas, a low density closed cell Aluminum alloy foam was utilized. 
Double-Edge-Notched (DEN) and Single-Edge-Notched (SEN) specimens were 
tested in compression and their respective net section strength values were 
compared to those of un-notched ones. The results reveal a strength enhancement 
for the DEN specimens but no enhancement is seen for the SEN specimens. By 
reviewing the full field in-plane strain maps of the specimens and comparing 
macroscopic and microscopic trends, two competitive modes of deformation are 
observed. These were compaction and shearing of cells while accompanied with 
rotation. The DEN specimens exhibit localized bands of compaction and rotation of 
cells emanating from the notches that later switch to horizontal bands of compaction 
of cells close to the middle of the ligament. In contrast, the SEN specimens exhibit a 
horizontal band of cell compaction emanating from the notch without significant cell 
rotation. 
In the DEN specimen the radial strain distribution showed an exponential 
dependence in the distance from the crack tip center. Such trend is especially 
present in the localized deformation band. The deviatoric strain field is similar to an 
HRR- type crack tip field undergoing Mode I plane strain deformation. The mean 
strain field is thought to arise from the pressure sensitivity of the plastic deformation 
of the cellular material. 
vi i 
Utilizing the experimental observations, a phenomenological model is developed to 
account for the strengthening of the DEN specimens. The experimental trend is 
rationalized within the prediction of a non local continuum response of elastic 
material. The results of 2-D regular Voronoi, employing the non-local response, 
shed light on the observed behavior. 
This study has several implications on the methodology of integrating cellular 
materials to mechanical and load bearing structures. When bolts are employed, the 
corresponding hole patterns should be done in a symmetric pattern. This would 
utilize the geometric constraints dictated by the symmetric loading that would 
provide an enhancement of the load carrying capacity of the structural member. The 
increase in energy absorption of the DEN specimens can also be of interest. 
However, it should be acknowledged that the DEN specimens reach higher limit 
loads, providing a control on the threshold stress for energy absorption. 
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CHAPTER 1. INTRODUCTION 
An exciting class of material has become commercially available in the past 
few years (Gibson and Ashby, 1997). The material is foam, and even though 
foaming agents have been used as components of such diverse liquid systems as 
dishwashing liquid, beer and fire extinguishers, they have recently been used in the 
cost effective production of solid foams. This type of foam is made from metal, 
polymer, ceramic and other materials (Weaire and Hutzler, 1999). The energy 
absorption capabilities, heat dissipation and low weight make foams ideal for many 
applications but mostly as components of sandwich panels (Gibson and Ashby, 
1997). The structure of foam, its finite cell size (ranging from a few microns to 
several millimeters) can give rise to possible size effects. 
The following pages will present the proposed work and the motivation behind 
it. In addition, an overview of foam, what it is, its properties, and applications, as 
well as an explanation of how the thesis will be organized will be given. 
1.1 MOTIVATION AND PROPOSED WORK 
The constitutive model for foam is useful in many cases where one is dealing 
with the bulk material. When the foam is comprised of very few cells then the 
material length scale depends on microscopic deformation at the cell level 
(Bastawros et al., 2000). Under uniform loading it was found that the minimum 
specimen size for which the properties of the bulk become apparent is a minimum of 
4 cell diameters (in uniaxial compression) (Bastawros et al., 2000; Andrews et al., 
2001 a; Andrews et al., 2001 b; Onck, 2000). The size effects in this situation arise 
from a decrease in constraint at the free surface (Bastawros et al., 2000; Andrews et 
al., 2001 b). 
There has been a lot of interest in the behavior of foam for cases of non-
uniform loading such as indentation and loading of specimens with notches (Onck, 
2000). In particular, tests of notched specimens in compression or tension have 
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revealed a strengthening effect —increase in net section strength- for Double Edge 
Notched (DEN) specimens (Sugimura et al., 1997; Motz and Pippan, 2001). Other 
cases have seen no notch strengthening i.e. for central cracked panels (CCP) tested 
in compression (Fleck et al., 2001 a). There are very few explanations as to why this 
phenomenon occurs and this will be the focus of this study. Fig. 1.4a represents 
how the ratio of Limit load over the width of the ligament (B) varies with the plastic 
Poisson's ratio. The results were obtained using Finite Elements, employing 
pressure sensitive plastic constitutive model for the case of DEN specimens in 
uniaxial compression (Onck, 2001). Note that a/W is the notch depth to width ratio 
(e.g. a/W=0 for the un-notched specimen). It is interesting to note that dense 
materials exhibit notch strengthening due to the constrained plane strain effect. This 
causes a highly triaxial state of stress and a higher load is necessary to overcome 
this effect. However, in porous materials there is no notch strengthening observed 
since vp ~ 0 . Thus the constitutive model does not capture the notch strengthening 
effect seen in DEN specimens of foam in complete disagreement with experimental 
results (Sugimura et al., 1997). 
Since the constitutive model fails, the observed notch strengthening is not a 
material dependent effect but more of a geometrical one. The existence of the 
notches in the specimens alludes to fracture mechanics and crack propagation and it 
is precisely the interaction of the field around the notches and the remote uniform 
loading that create this geometrical effect. 
In order to explain the phenomenon of net section stress strengthening a 
series of Double Edge Notched (DEN) and Single Edge Notched (SEN) specimens 
were be tested in compression. The DEN and SEN specimens had varying 
dimensions of the notch size (a/Vv) and the ligament (B). The net section strength of 
both SEN and DEN specimen was compared to the yield strength of an un-notched 
specimen. From this it was possible to determine how the net section stress 
depended on the ligament and notch size for both the DEN and SEN specimens. 
This would give an idea of the macroscopic parameters affecting net section 
strength. 
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By taking a series of images at different loading steps and comparing them to 
undeformed images of each specimen, the microscopic behavior of the foam was 
also observed. The microscopic behavior (cell deformation and interaction) was 
compared to the macroscopic (net section strength) in order to discover the exact 
causes of the notch strengthening. 
To date, past studies have been unable to obtain images of the surface and 
how the cells evolve and interact as the deformation progresses. Using full field 
deformation techniques in this study, it can be seen that the strengthening is due 
to a competition of crushing and rotation of the cells and each mechanism 
becomes enhanced or frozen depending on the surrounding cells. 
1.2 BACKGROUND 
1.2.1 General description 
This study deals with a three dimensional cellular material. A cellular material 
is nothing more than "an interconnected network of solid struts or plates which form 
the edges and faces of cells" (Gibson and Ashby, 1997). When the struts are 
connected to form a cell in three dimensions then the cellular material is called foam. 
Cell structure can either be ordered or random. Open cell foam is the cellular 
material made from struts; closed cell foam is the one formed by plates. 
Cellular materials occur in nature and are also man-made. Some examples 
of naturally occurring foams are honeycomb and coral, cork, and bone. Falimiar 
man-made cellular materials are those of polymeric foams such as Styrofoam as 
used for cups and packaging. Almost any material can become a cellular material. 
There are reports of ceramic, concrete or glass foam but the two that are of most 
interest are the foams made from polymers or metals (Gibson and Ashby, 1997). 
The first patent for metal foam was submitted in the 1940's by Benjamin Sosnick 
(Curran, 1999). 
4 
Aluminum foam has become the most popular of all metals for its low density 
and high resistance to corrosion (Banhart, 1999). Other metals that are considered 
for foaming are lead (in lead-acid batteries), and even gold and silver (for jewelry) 
(Curran, 1999; Banhart, 1999). 
1.2.2 Production methods 
There are many methods by which a foam can be produced. Some 
mentioned here are using moulds, blowing gas through a thin nozzle to a liquid, 
nucleating gas bubbles in a supersaturated liquid, shaking or beating a liquid and 
liquid or solid state processing (Gibson and Ashby, 1997; Weaire and Hutzler, 1999; 
Curran, 1999). 
The use of moulds was popular in the early stages of foam production and it 
involves using "investment casting" i.e. a mould (either salt or plastic), pouring the 
liquid metal, cooling and then dissolving the mould in either water or heat (Curran, 
1999). This method gives mostly open cell foams and besides the fact that it is 
costly it might be very difficult to machine after production (it has the advantage of 
giving the foam any shape as that of the mould) (Curran, 1999). 
The method of blowing gas through a nozzle to the liquid is still used today by 
some companies that prepare aluminum foam, namely AlcanT"" and CymatT"" 
(Curran, 1999). The bubbles that are formed on the top of the liquid are collected 
and cooled. This method gives foamed metal with a large distribution of cell sizes 
(thus low quality foam), however it is an inexpensive process (Curran, 1999). 
The method of nucleating gas bubbles in a supersaturated liquid is more 
popular with the production of liquid foam as is the method of shaking or beating the 
liquid (Weaire and Hutzler, 1999). The second method tends to produce a wide 
variety of cell sizes (Weaire and Hutzler, 1999). 
Liquid or solid state processing is the method of production for the foam used 
in this study (AlporasT""). By injecting a liquid or solid foaming agent into the molten 
5 
metal gives greater control of the distribution and size of the cells (Gibson and 
Ashby, 1997). The production method tends to be expensive but give very good 
quality aluminum foam (Curran, 1999). The procedure will be covered more 
thoroughly in the next chapter. 
Of course, with each method there are certain issues that need to be 
considered. The three stages in foam production are pore formation, growth and 
collapse (Banhart, 1999). Liquid foam is unstable and this leads to cell collapse. 
There are different reasons for this instability. The pull of gravity causing the liquid 
to flow through the struts or plates of the foam is one cause of collapse (Weaire and 
Hutzler, 1999). This eventually results in the side of the foamed material closer to 
the ground to have much thicker struts than the side that is furthest away. Another 
issue is the need to prevent the gas bubbles from diffusing or coalescing (Banhart, 
1999). Disproportionate bubble sizes would then be created in the liquid. One way 
to lessen these effects is to increase the viscosity of the liquid (Curran, 1999). 
1.2.3 Effect of cell on material properties 
So far, different methods of foam production have been covered. It was seen 
that if cells have great variations in size then the foam is of low quality. The reason is 
that the structure of the cell will affect the macroscopic properties of the cellular 
material. If all the cells are elongated in one direction then the material is 
anisotropic: one such example is cork. This does not mean that if the cells are 
randomly oriented then the cellular material will also be highly anisotropic. Open cell 
foam deforms more easily than closed cell foam; it is much easier to buckle or rotate 
struts than it is to buckle or rotate plates. 
Also of interest is the ratio of the density of the cellular material (,o*) to the 
ratio of the density of the solid from which the struts or plates are made (,os }. This 
ratio p*~ps is the relative density of the cellular material (Gibson and Ashby, 1997). 
Note that relative density has no units. Relative density is important since it affects 
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the mechanical properties of foam (Gibson and Ashby, 1997). Gibson and Ashby 
have also determined the exact dependence of Young's modulus, 
compressive/tensile strength, elastic buckling, etc., with relative density for ordered 
2-D honeycombs and ordered 3-D foams for several different geometrical 
symmetries. Their results can extend to foam. Now it is important to realize that it is 
not possible to have a perfect foam i.e. with no defects. Some imperfections can be 
ruptured cell walls, or walls with peculiar curvatures or "wiggles" (Gibson and Ashby, 
1997; Banhart, 1999; Sugimura et al., 1997). These imperfections will affect the 
mechanical properties of the foamed metal. Sugimura, et al. have compared 
different types of aluminum foam and have concluded that the Alporas has the least 
number of imperfections (1997). 
The mechanical properties of foams are affected by other factors, such as 
the material from which the cell walls are made. That is why the yield strength of 
metallic foams is 30 times higher than that of polymeric foams with the same relative 
density (Banhart, 1999). 
1.2.4 Applications 
No single property of the solid foams is exceptional. Dense materials have a 
higher strength, higher Young's modulus higher conductivity and higher density than 
foams (Gibson and Ashby, 1997). The foam uniqueness lies in the fact that foams 
extend the range of material properties and thus extend applications (Gibson and 
Ashby, 1997). For example, metal foams, and in particular Aluminum foam, has a 
high strength (1 MPa) and stiffness (1 GPa) when compared with its density, making 
it ideal for the creation of light yet stiff structures (Gibson and Ashby, 1997; Curran, 
1999). This can have applications in the automotive industry, where substitution of 
different parts can reduce the weight of an automotive vehicle giving savings in fuel 
(Weaire and Hutzler, 1999). Also it can be used in sandwich panels for aviation or 
even as lightweight columns in the structural industry. Many more properties of 
foam can be exploited, such as its high energy absorption capacity (Gibson and 
Ashby, 1997). In compression aluminum foam has a small elastic deformation 
region followed by extensive plastic deformation prior to densification. These large 
compressive strains of the order of 20-80% can make aluminum foams useful in the 
automotive industry as energy absorption barriers (bumpers etc). Polymer foams 
are already used in packaging (Styrofoam) (Gibson and Ashby, 1997). Open cell 
foams with the combination of high conductivity, large surface area, and high 
corrosion resistance make them ideal as heat exchangers (Curran, 1999). Closed 
cell foams with their low thermal conductivity can be useful in fire retardation 
applications (Gibson and Ashby, 1997). 
1.2.5 Properties 
It is interesting to see some of the properties and deformation mechanisms of 
Alporas. The cell wall properties were obtained with micro and nano indentation and 
Young's modulus and yield strength were found to be close to that of pure aluminum 
(Sugimura et al., 1997). Alporas behaves differently in uniaxial compression than in 
tension. 
The stress-strain curve in compression has a brief region of linear elasticity as 
seen in Fig. 1.1. At higher stresses where plastic deformation commences, there is a 
zone of strain increase at almost constant stress ~o ,often called the plateau stress. 
This continues until approximately 30-40% strain, where densification commences. 
The densification region is seen as extreme hardening (steep rise of the curve) and 
it extends until about 80% strain. The mechanisms that cause this behavior were 
examined by Bastawros et al. (2000) and were found to be separated into four 
regimes. The first is observed in the elastic region where localized plastic strain is 
observed at the cell walls. In this region the unloading modulus is much higher than 
the loading one. After further increase in stress, but prior to reaching the stress 
plateau, the second stage is observed. Multiple discrete bands of concentrated 
strain are formed, and plastic buckling occurs at the cells of these narrow bands. 
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There is a characteristic length at which these bands are formed, usually about 4 
cells apart and tilted up to 20° from the platen (Fig. 1.2). The plateau regime is the 
third region whereby the already formed bands collapse and as each collapses there 
is a small oscillation about. ~o . After all bands collapse, then densification begins. 
In contrast, the stress —strain curve in tension has the brief region of linear 
elasticity, onset of the plastic region, maximum stress 6ujt , but then fracture 
commences (with a slow reduction of area, similar to dense metals). There is no 
plateau regime and no densification state. When the mechanisms of deformation 
under tension were studied, there were no deformation bands. Instead, there were 
strain peaks randomly distributed throughout the material (Motz and Pippan, 2001). 
Local cell walls fracture at a stress near the maximum stress. After that a fracture 
process zone is formed whereby the crack propagates and the material fractures 
(Motz and Pippan, 2001). 
1.2.6 Constitutive model 
To comprehend the behavior of foam under complex loading and past the 
elastic region, it is necessary to derive a constitutive law. A yield condition is 
required since it determines when the elastic regime ends under any possible 
loading situation. Also a flow rule is crucial; it relates incremental stress to 
incremental strain and state of stress through the plastic regime. Finally a hardening 
rule is needed to describe how the yield condition will change once in the plastic 
regime. 
For foams it is also necessary to account for the effect of the hydrostatic 
stress level. Unlike dense materials, foam has a yield surface that is dependent on 
the mean stress ~m . Remember that an arbitrary stress state ~;~ can be written as 
1 
6 i~ _ - 6~~ i~ -~- S iJ
3 
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1 where 6m = —6,~ and sly is the deviatoric stress. The standard indicial notation is 
3 
used here where all indices range between 1 and 3 and repeated indices signify 
summation. The deviatoric stress contributes to the bending of cells whereas the 
mean stress contributes in the contraction/expansion of cells. Except for the 
hydrostatic dependence, the extreme hardening at large strains, and the case where 
vp ~ 0 (but ve ~ 0.33) need to be also accounted for. That is, there is very little 
lateral expansion when in the plastic region. 
Deshpande and Fleck (2000), performed uniaxial compression and 
hydrostatic compression tests on Alporas foam of different relative densities to 
determine the yield surface for the material. Fig 1.3 shows that the initial yield 
surface is almost circular. However, there is greater hardening in hydrostatic 
compression compared to uniaxial compression leading to an elliptical yield surface 
at later stages. The Yield surface function c~ is given by: 
~=6—Y<0 
6 2 = 
1 
1 
eff 2 + 
a26m2 ~~. 2~ 
Clearly the yield surface is a function of the deviatoric and hydrostatic stresses. The 
parameters defines the shape of the yield surface and depends on vp through: 
a=3 0.5 — vP 1 ~+gyp (1.3) 
Note that there have been other constitutive models for foam but the above model is 
experimentally calibrated for ductile metallic foams. It should be noted that such 
mean-field continuum model does not predict any notch strength enhancement for 
metallic foams (Onck, 2001). 
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1.3 LITERATURE REVIEW 
This section deals with past research done on the subject of foam. The 
presentation of papers is divided into two categories. One deals with research done 
for size effects of cellular materials with notches or holes. The other presents 
fracture mechanics concepts of elastic-plastic mechanics, namely J-Q theory and 
the effect of the T-stress. The last category is for developing a better grasp on how 
the hydrostatic stress ahead of a crack tip is affected by the boundary or loading 
situation. It should be noted that very little work has been done on crack tip field in 
porous and cellular materials, so most of the papers address dense materials only. 
1.3.1 Size effect 
Before continuing it is interesting to examine in more detail experimental or 
theoretical results in foam that have given rise to the size effect concept. 
The effect that central holes, sharp cracks and notches have on the net 
section strength of rectangular structures were observed in an FEM model formed 
with 2-D Voronoi cells in tension (Andrews et al., 2001 c). It was shown that for a 
central hole (CCP), there is no strengthening observed at the net area. Conversely, 
for sharp cracks at the edges of the specimen, there was strengthening that 
depends on the ratio of cell size to specimen width (d/W). A similar result was seen 
for the notches (DEN) with notch diameter greater than cell size. However, for the 
notches, strengthening was independent of d/V1/. In both the sharp cracks and the 
notch, the net section strength increased with increasing crack/notch length i.e. 
6 Net °C a/W ,where a=crack size and W=specimen width. The explanation Andrews 
and Gibson give is that the strengthening observed is due to the constraint of the 
unnotched region. 
Andrews and Gibson have also performed an experiment of open cell foam 
(Duocel) in tension (Andrews et al., 2001 d). Two notches were cut on each 
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specimen (DEN) and the effect of the notch size on the net section strength was 
studied. Similar to the FEM results of a 2-D Voronoi structure, strengthening was 
observed at the notches. In addition it was observed that the middle part (the 
ligament with dimension of B) yields plastically at the edges (shear localization). 
They have found this effect to be comparable to indentation and have proposed a 
phenomenological relationship of the form 
FPeak 
_ 
6 PL ~W — CI~B -I- ZZ~PL B~ ~~. 2~ 
where6PL and zPL are the uniaxial tensile and shear strength, b is the depth up to 
which shear occurs, W is specimen width, B is ligament length, a is crack length and 
FPeak is the limit load. However there cannot be such a simple superposition of 
shear stress and uniaxial stress, so the phenomenon is believed to be a little more 
complex. Furthermore, the parameter b (extent of the shear zone) can only be 
determined after the loading and experiment is completed. This parameter could not 
be applied for design purposes. 
Similar results were seen when Alporas foam was tested in tension (Motz and 
Pippan, 2001). DEN specimens were tested, and along with the macroscopic 
measurements taken from the testing frame (i.e. stress and strain), the Motz and 
Pippan (2001) also conducted full field measurements. Bastawros and McManuis 
first introduced this technique in 1998. An unnotched specimen (for comparison) 
was also tested and the DEN specimens had varying crack lengths. The 
macroscopic results again show net section strengthening and the authors attribute 
this phenomenon to the high triaxility state at the notches. The results of the full field 
measurements reveal that as the crack length increased, the deformation field 
around the notches became even more localized. More of the properties of Alporas 
in tension can be found elsewhere in this thesis (see Properties). Motz and Pippan 
(2001) also noted that as the notch increases and 6Net increases, the respective 
Net decreases (see Fig. 1.5a). This means that there is an increase of the 
specimen stiffness. However, caution should be taken when using the term Young's 
modulus to identify with this slope. It is more common to utilize the unloading 
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modulus. The reason is that plastic deformation begins immediately in foam even 
while in the elastic region. Also, from the authors' full field measurements it can be 
seen in Fig. 1.5b that as the notch size increases, the strain localizes around the 
notches. 
In compression tests performed by Sugimura et al. (1997), a notch 
strengthening is seen for Alporas DEN specimens (Fig. 1.6). That series of 
experiments is the basis for this current study. 
A Finite Element simulation (ABAQUS) of Onck (2000) also reveals a notch 
strengthening. Instead of using a constitutive model to represent a continuum 
porous media, the inhomogeneity of foam is depicted by a series of beams that are 
connected to form cells (2-D ordered honeycomb or 2-D random cell structure). 
Both the ordered and random structures had notches cut out at mid-height. For the 
2-D ordered honeycomb, there is a stress localization observed at 45° from the 
notch axis (see Fig. 1.7a). As the localizations progress from each notch, they "lock" 
together. Higher stresses are then necessary to be applied to overcome this 
phenomenon. The observation of the deformation in the ordered cell structure might 
provide an insight into what is happening to irregular cell structures. This locking 
mechanism might be the reason why the constitutive model of Deshpande and Fleck 
(2000) does not capture the notch strengthening (however it has not yet been 
observed experimentally for foam). The results of the study for the random cell 
structure are seen in Fig. 1.7b. As the notch size increases the stresses localize 
around the notches. Finally this paper hints at the dependence of net section stress 
on both the ligament (B) and a/W. 
An experiment of both polymeric and metallic foams was performed by Fleck 
et al. (2001 b). The specimens were panels with circular holes (CCP), and were 
tested in tension and compression. There was no net section strengthening seen in 
the metallic foams (in both tension and compression) and the same was valid for the 
polymeric foams with the exception of one. Divinicel foam showed strengthening 
and this was explained as a switch from notch-insensitive to notch-sensitive 
behavior. It is stated that perhaps metallic foams will also exhibit this switch if large 
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enough specimens are tested. Fleck et al. (2001 b) then introduce some concepts of 
stress concentration that are rather confusing. The stress concentration is defined 
by the local maximum stress seen at the edge of groove or hole as compared to the 
average stress of the entire cross-section. 
Another paper that deals with notched foam (DEN) specimens is that of Olurin 
et al. (2000). The materials (Alporas and Alcan) were tested in both tension and 
compression. The results reveal a "slight" notch strengthening (for both tension and 
compression). They attribute the strengthening to the following. For un-notched 
specimens, failure happens at the weakest plane but for notched specimens failure 
happens at the ligament that doesn't necessarily have to be the weakest plane. If 
indeed it is a matter of probability, then some specimens should fail at the notch 
cross-section (out of many specimens tested one might have that weak plane at the 
notch). Interestingly though, none of the past research done for DEN specimens of 
foam shows notch strengthening. 
1.3.2 Fracture mechanics 
The study of aluminum foam deals with the existence of notches or cracks in 
the specimen so some key concepts are reviewed. The following ideas have been 
derived for dense materials. 
When a crack is imbedded in a dense material of infinite dimensions, and this 
material is subjected to remote loading, some interesting phenomena arise close to 
the crack tip. If the material is linearly elastic and is under small scale yielding, then 
close to the crack tip the stresses vary according to 
KI 12 ~-l~ =  6~ (8) + T~il ~~l + Olt (r ) + .... (1. 3) 
~2~zr 
where r is the distance from the crack tip and 6t~ (8) is a function dependent on the 
angle from the tip (see Fig 1.9). The coefficientKl is the stress intensity factor and 
is usually a function of the loading mode, remote stress and specimen dimensions, 
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i.e. crack length to specimen width ratio (a / W) and crack size a . It is interesting to 
note that in the limit when r approaches zero 6l~ becomes singular. However, this is 
not possible in a plastically deforming material since, after some finite value of stress 
is reached the material yields plastically, and the crack increases in size. One might 
think of the stress intensity factor as a measure of the intensity of the near tip field 
and the other terms determine the distribution of the field (Anderson, 1994). 
When one is moving from linear fracture mechanics to non-linear, then the K -
dominated regime becomes that of J -dominance (elastic-plastic fracture 
mechanics). The relation becomes 
6 ;~ = 6 y
E
i.l_~E y 
J 
l~ll n r6 y£ y _ 
J 
~Inr6yEy — 
1(n+l ) 
6;~ (B,n) 
n (n+1) 
E ;~ (8,n) (1.4) 
where ~ is a proportionality constant from the Ramberg-Osgood formula, ~y and 6y
are the strain and stress values at yield, n is the hardening exponent, I n is an 
integration constant mildly dependent on hardening and 6~ (B, n) is the angular 
dependence around the crack tip. Again, there is a singularity at the crack tip, but it 
can be explained from the fact that the crack changes in length. Now K (or .I) is a 
measure of the intensity of the field close to the crack, when the process zone is 
much smaller compared to the external geometry. However when the crack 
becomes of finite size and Large Scale Yielding (LSY) occurs, then the region for 
which Jdominates depends also on the specimen configuration and the level of 
constraints imposed by the boundaries. Therefore in LSY, the effects of remote 
loading are no longer transferred through .I (orK) alone. That is where the T or Q 
stresses are added to account for the change in constraints or the difference field. 
The T-stress has dimensions of stress but it can have no relevance when the 
material is under Large Scale Yielding (LSY). For the case of SSY where the plastic 
zone still falls inside the K-dominated region, then the T-stress has a significant 
effect on the plastic zone and its shape. 
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For LSY in the regions where J is dominating the crack tip field, but the object 
with the crack is of finite size, the Q-stress is added. One might think of the Q-stress 
as the difference field; how much the actual field of the specimen of finite size differs 
from that of the HRR field (O'Dowd and Shih, 1991). When Q >_ 0 an object is highly 
constrained and there is greater crack blunting (O'Dowd and Shih, 1991). 
Foam research by Chen et al. (1999), was that of an FEM simulation 
implementing the Deshpande and Fleck (2000) constitutive model and imposing K. 
elastic boundary conditions. The main focus of the study was to get resistance 
curves, showing the resistance of the material to crack propagation. The 
calculations were made under the assumption of small scale yielding (SSY) and 
plane strain conditions. The simulation tried to quantify the size of the T-stress the 
only stress that does not vanish far from the crack tip. 
The size of the process zone for foam is one order of magnitude greater than 
that of a dense material (a=0). For the dense material the process zone is 
significantly affected by the T-stress; a negative T-stress (drop in constraint) will 
enlarge the zone. The increase is more dramatic at an angle of 45° from the crack 
tip. A negative T-stress in dense materials causes a decrease if the process zone 
size. In contrast, for the case of the foam metal this simulation predicts that the 
positive T-stress (increase in constraint) will increase the process zone size in a self-
similar manner (Chen et al., 1999). 
7.4 THESIS ORGANZA T/ON 
This section presents how the thesis is to be organized i n the following fou r 
chapters. 
Chapter 2 will cover materials and methods used to perform the experiment. 
First, an overview of Alporas, its structure and how the specimens were prepared 
will be presented. Then an explanation will be given of the variables in the 
experiment, the surface treatment the specimens underwent followed by a 
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presentation of all the necessary equipment. The experimental procedure and a 
section on image analysis are finally given. 
Chapter 3 presents the results. The formation of groups (where stress was 
constant or varied linearly) will be presented. With the help of the surface maps 
obtained from the surface evolution of each specimen, an attempt will be made to 
link the macroscopic observations of notch strengthening to what is happening at the 
cell level. 
Chapter 4 discusses the results and compares them with the FE model (micro 
polar model) of Dr. Guo. In addition, a phenomenological model is developed for the 
DEN specimens. 
The final chapter summarizes all results and present recommendations if 
future work is to be done on this material. 
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Figure 1. 1Stress-strain curve for aluminum foam delineating the linear 
elasticity, the plateau and the densification regime. The plateau stress for 
Alporas occurs at about 1 MPa and starts at 2% strain. The densification 
strain (E D) extends up to about 80%. 
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Figure 1. 2 Strain map of an Alporas specimen when it is tested under 
uniform compressive loading (Bastawros et al., 2000). The image was 
taken before the plateau stress was reached (still in the linear elasticity 
regime). The discrete bands have already been formed and from the 
diagram it can be seen that they are undergoing intense deformation 
whereas neighboring cells are not. The characteristic length seen here is 
of approximately 4 cell diameters. 
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Figure 1. 3 Yield surface for Alporas (relative density 8%) (Deshpande 
and Fleck, 2000). The hydrostatic dependence of the yield surface can be 
delineated here. The yield surface grows disproportionately when loaded 
(grows much faster in the mean stress axis than the effective stress axis). 
An example of a yield surface for dense solids is also depicted. 
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Figure 1.4a. Variation of the ratio of limit load over ligament size (B) 
versus the notch size (a/W) for several cases of the Poisson's ratio. 
Poisson's ratio of 0.5 is for the solid metals case and zero is for the cellular 
material. This figure was taken from P. Onck (2001). 
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Figure 1.4b. Strain maps for the different cases of Poisson's ratio. The 
strain map labeled (a) corresponds to the cellular material and the 
Poisson's ratio increases to a value of 0.5 for strain map (d) (Onck, 
2001). 
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Figure 1.Sa. Stress-strain curves for notched Alporas specimens tested in 
tension (Motz and Pippan, 2001). Note the increase in tensile strength as 
the corresponding tensile stress decreases. 
a/W=0.8 a/W=0.2 
Figure 1. Sb Strain maps of Alporas specimens in tension (Mott and Pippan, 
2001). Note that as the notch size increases the strain localizes close to the 
notches. 
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Figure 1. 6Stress-strain plots for notched specimens of Alporas 
tested in compression (Sugimura et al., 1997). This is the initial 
experiment on which this study is based. 
Figure 1. 7a Strain plot of a 2-D FEM model of ordered honeycomb (Onck, 
2000). Two notches were introduced and the behavior was simulated for 
compression. Note the creation of shear bands that commence from the 
notches at 45° and intersect at one cell. 
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Figure 1. 7b The strain maps obtained when the 2-D FEM honeycomb 
model was randomized (Onck, 2000). Note that as the notch size increases 
the effective strain (plotted here on the strain maps), becomes concentrated 
close to the notches. 
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Figure 1. 8 Display of the notch insensitive behavior polymeric and 
metallic foams exhibit when they are tested in compression (CCP) (Fleck 
et al., 2001b). 
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Figure 1. 9 Crack Tip coordinate system and dominant terms for an 
elastic material. 
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CHAPTER 2. EXPERIMENTAL PROCEDURE 
This chapter provides a more thorough description of Alporas, the aluminum 
foam used in this study, it's preparation for the experiment, the equipment used to 
perform the experiment, including a separate section for image analysis in order to 
prepare the reader for the graphs and images of Chapter 3. 
2.1 MATERIAL DESCRIPTION 
2.1.1 Alporas description 
The foam considered in this study is a metallic foam with the trade name 
AlporasT"". It is manufactured by Shinko Wire Company. It is a closed cell foam with 
an average cell size of 5mm and a relative density of 8%. It consists of polyhedral 
cells with approximately 12-14 cell faces, with some cells being elliptic [6]. 
2.1.2 Production 
Alporas is produced with solid state processing. It is important to increase the 
viscosity of the aluminum, and thus prevent gas bubbles from coalescing or the 
liquid from draining. Thus Ca or Mg is added (1.5wt.%) with some air in the melted 
aluminum. The air is supposed to oxidize Ca /Mg. This process occurs at 680°C 
(note that the melting point for Aluminum is about 660°C) [3]. After raising the 
viscosity the foaming agent is added. In this case Titanium hydride powder is added 
into the melt. Titanium Hydride, TiH2 is stable at room temperature but at higher 
temperature it releases a gas (H2) [3]. This decomposition occurs at temperatures 
very close to the Aluminum melting temperature. The process of mixing the "solid 
foaming agent" (TiH2) in the powder aluminum has the advantage of giving a more 
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uniform distribution of bubbles [1,3]. The procedure of making this Aluminum foam 
is described in several articles, with slight variations. For example, Sugimura et al., 
explain that the entire foaming process is done under high pressure so as to control 
cell size. In that description there is no mentioning of the addition of air to promote 
oxidation. Also in the same article there is mention of the creation of precipitates 
namely, A14Ca and A13Ti. It is yet unclear if these inclusions are causing void growth 
in Alporas specimens tested in tension. 
2.2 SAMPLE DESCRIPTION 
Thirty one specimens were tested in this experiment. Along with previous 
studies done for notched Alporas foam, i.e. Sugimura et al. (1997), the total number 
of samples was thirty eight. The samples were orthorhombic and their dimensions 
were such that that the cell size did not interfere with the macroscopic properties 
measured as seen in Andrews et al. [9,10]. The thickness of the specimens was 
40mm and their height was about 100mm. 
The specimens' dimensions are given in Fig. 2.1. When W was varied (for 
different notch sizes) then B was kept constant (B=30mm), and when B was varied 
(for different notch sizes), W was kept constant (W=60mm). The different notch 
sizes were set to a/W=0.3, 0.5 and 0.7 (nominal values). 
In addition to the thirty-one specimens tested, there were the additional 
specimens of Sugimura et al. (1997). These specimens were DEN with the 
exception of one that was used as a control. 
The notches, as well as all the dimensions, were cut with a traveling wire 
Electrical Discharging Machine (EDM). This was to ensure that the cells exposed to 
the surface were not sheared or distorted. The notches were 6.5mm in diameter. 
Along with the macroscopic properties, the surface of each specimen was 
photographed and a treatment of the surface was deemed necessary. This involved 
light polishing, and acetone baths for some of the specimens so small cell distortions 
and impurities could be removed. 
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Finally for imaging and surface displacement analysis, the specimens were 
coated with a speckled layer of black and white latex paint. This was done to ensure 
the existence of fine speckles for a better correlation of the movement of the cells 
when they were under loading. 
2.3 EQUIPMENT AND EXPERIMENTAL PROCEDURE 
2.3.1 Equipment
The equipment used for the experiment was a testing frame and a data 
acquisition program. For imaging, the. necessary components were a camera with 
tense, a tripod, a displacement/rotation stage, proper illumination and a frame 
grabber. 
2.3.2 Setup and testing 
Each specimen was tested in uniaxial compression using an INSTRON 8862 
servoelectric testing frame. The experiment was performed in displacement control 
at a rate of 0.02mm/s. The signal from the LVDT's in the actuator (measuring 
displacement) and the signal of the transducers in the load cell (measuring force), 
were acquired using a software program called LabView. 
In addition to the data from the servoelectric testing frame, a Pulnix TM-6702 
CCD array of 648(H) x 484(V) was used to take images of the specimen before and 
during the experiment. The camera was placed on a tripod in front of the Instron 
grips. The camera was mounted on a translation stage. Since there were more 
pixels in the horizontal direction than the vertical, the camera was rotated 90 
degrees to ensure that the specimens occupied most of the field of view of the 
camera. 
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With proper illumination, lenses (lens aperture F1.4) and tubes, an area close 
to the notches of each specimen was photographed. Each image was acquired to a 
computer with the aid of a frame grabber. An image of the camera and specimen 
can be seen in Fig. 2.3. 
While the specimen was secured with the loading grips, but prior to loading, a 
reference image was taken. Each specimen was then loaded in incremental steps 
(usually a displacement step of 0.5mm) and partially unloaded so that the unloading 
modulus could be subsequently measured. At each loading and unloading step, 
images were taken. The specimens were loaded until just before the notch flanks 
touched. 
2.4 DATA AN ALYS I S 
2.4.1 Stress strain plots 
From the force displacement data, the net section stress and the logarithmic 
strain were plotted. These are defined as follows: 
6 NET - F  ~2. ~ > (Bt) 
0 
where F and ~ are the force and displacement reading recorded using Labview, B is 
the ligament dimension (Fig. 2.1), t is the thickness and Lo is the initial specimen 
length. From the stress strain plot the first maximum of the stress plateau was 
determined. This was the maximum net section stress value of the specimen. 
2.4.2 Image analysis 
The images of the specimen taken at different parts of the experiment were 
taken so that strain maps could be obtained for each loading stage. It should be 
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noted that it is important to obtain full field measurements for cellular materials since 
the material is non-homogeneous. Other methods such as Moire would not work 
because the surface of the foam is irregular. In addition, the surface of the foamed 
metal is in neither plane stress nor strain. The state of the field more closely 
resembles that of plane strain with some amplitude variations due to the free 
surface. The following describes the process of obtaining the full field strain maps 
from the acquired images. 
Each image was obtained with the frame grabber. Surface Displacement 
Analysis (SDAT"") a program developed by Instron (1997) was used. It related how 
the speckle pattern at different loadings (deformed image) changed with respect to 
the speckle pattern of the reference (undeformed) image. Along with the reference 
frame, a scale frame was taken for each undeformed specimen. The scale frame 
was used in SDA to obtain the magnification of the image. For each deformed 
image, a grid was formed that divided the image into square "sub-images" of 32 
pixels (Bastawros, 2000). Each sub-image of the deformed configuration was 
correlated to the respective sub-image of the undeformed image. This correlation 
was done in frequency space (through FFT) so that the distance between each 
feature of the sub-image was represented by the frequency. The number of 
repetitions of those features was represented by intensity. The displacement 
vectors were then obtained by first multiplying the Fast Fourier Transform of the 
undeformed image with the complex conjugate of the FFT of the undeformed image 
(see Fig. 2.3). Then the displacement vector is the inverse Fourier Transform of that 
product (Bastawros, 2000). 
For each different magnification factor a different amount of pixels was 
mapped for each cell (average size of 4.5mm). The number of pixels ranged 
anywhere from 25 to 55 pixels per unit cell. 
Once the displacement field is measured, its spacial gradient is determined 
by using the method of finite differences. Then the deformation gradient tensor F is 
defined by 
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where O is the spatial gradient and the underscore under each symbol signifies a 
tensor quantity. The in-plane Almansi strain tensor components (EXX, Eyy, E,~,) are 
found through 
A 1 —T T 
2 
From this, the equivalent strain is determined by: 
Eeq = ~~EXX —E yy ~2 -~4EXy ~2.J~ 
A quantity also calculated is the spin tensor (antisymmetric part of the displacement 
vector field). Recall that this antisymmetric tensor can be expressed in terms of the 
dual vector u by: 
1 
2 
Fig. 2.4 gives an example of two different types of deformation that can occur 
in a unit cell. The first mechanism involves the buckling of cell walls. This leads to 
cell distortion with the spin tensor being zero (no rotation). The second mechanism 
involves a combination of cell distortion and cell rotation. The shear value is zero in 
this case. The third mechanism involves a combination of cell distortion, cell rotation 
and shear. 
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Figure 2. 1 Schematic of the two types of Alporas specimens tested in 
compression. The Double-Edge-Notched (DEN) specimen is (a) and the 
Single-Edge-Notched (SEN) specimen is (b). W is the width of the 
specimen, B is the ligament size and the total notch size is a. Two of the 
three quantities are independent and those independent variables were 
chosen as the width and ligament size. 
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Figure 2. 2 Image showing one aspect of the experimental setup. 
The camera is located on the translation stage and the specimen can 
be seen between the grips of the Instron loading frame. Two 
illumination sources can also be seen. 
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Figure 2.4 Two different deformation types that can occur on 
a cell of a cellular material. The first mechanism involves only 
distortion of the cell walls (creation of distortional strains) and 
the second mechanism has both distortional and rotational 
strains. Finally, the third mechanism causes distortion, 
shearing and cell rotation (Bastawros, 2000). 
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CHAPTER 3. EXPERIMENTAL RESULTS 
The results of the study are presented in this chapter. The first sections deal 
with the existence and cause of the size effect; the last section with the crack tip 
characterization for Alporas. The angular and radial dependence from the notch is 
also investigated. 
3.1 TESTING MATRIX 
The net section strength in notched cellular materials is usually studied by 
varying the notch size or a/W ratio. However for cellular materials, the structural 
length scale is of the same order of other geometric dimensions. Thus, the a/W ratio 
was achieved in two ways: 
i. change the crack size (a) for a constant total specimen width (W) and 
ii. change the crack size for a constant ligament width (B). 
In the first step, specimens with the same a/W ratio but varying ligament width (B) 
(i.e. varying number of cells of the net section) were studied. The second set of 
specimens, involved the study of specimens with a fixed number of cells in the net 
section (i.e. same B dimension) for varying a/W ratios. Therefore, two groups of 
results will be presented for net section strength dependence on B and W. 
Figure 3.1 provides the definitions of quantities obtained from the stress vs. 
strain plots of each specimen (to study macroscopic behavior). The maximum net 
section stress was the value at the beginning of the plateau stress (the first 
oscillation). The drop in stress from this maximum net section stress to the post 
yield stress is also recorded. These values are then correlated with specimen 
dimensions. 
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3.2 MACROSCOPIC RESPONSE 
For all 32 specimens, stress-strain graphs were made. For each graph, the 
maximum net section stress was measured and normalized to that of the un-notched 
specimen (control). Fig 3.2 shows the dependence of the normalized yield strength 
on the normalized notch size (a/W). Specimens with the same ligament size 
(nominal) were grouped together and are indicated by the different shading scheme. 
Specimens with the same width size (nominal) were also grouped together and are 
indicated on the graph by the different symbols. The symbols and colors and what 
they represent can be seen on Table 3.1. The results from the four specimens of 
Sugimura et al. (1997) are also shown on Fig. 3.2. 
Figure 3.2 shows that the DEN specimens have consistently greater net 
section strengths than the un-notched specimen (6N ~` ~60 =1). In addition it can be 
observed that the yield strength is inversely proportional to ligament size (B). The 
stronger specimens were those with the smallest ligament size (B=20mm). This 
dependence seems to be constant throughout a range of a/W values. 
It is anticipated that for a/W<0.2 the effect of B no longer plays an important 
role in strengthening (similar to shallow crack configurations in dense metals). Thus, 
no data were collected in this range. For these values the effect of the notches 
becomes diminishes as the net section strength approaches that of the bulk, i.e., 
that of an un-notched specimen with dimensions at least 4 times greater than the 
cell size. It is also important to note that the standard deviation in the distribution of 
strengths for the a/W=0.3 specimens is much greater than that of a/W=0.5 or 0.7 
due to the prevalence of the statistical distribution of cell defects. This means that 
as the ligament size becomes smaller all other effects influencing yielding are 
overshadowed. 
For B<20mm there will be an insufficient number of cells in the ligament to 
avoid the interplay of free surface effect versus the interaction of shearing or 
compaction. Such an effect has not been addressed in this study, anticipating that 
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specimens with ligaments smaller than ZOmm will have greater yield strength than 
the B=20mm specimen. 
SEN specimens were also tested with the same ligament size as the 
strongest DEN specimens tested (B=20mm) and for two different a/W values. It is 
interesting to note that their yield strength is similar to that of an un-notched 
specimen. This group of specimens is presented in Fig 3.2 with a shaded cluster. 
Figure 3.3 is similar to Fig 3.2. The dependence of the net section strength 
on specimen width (W} is highlighted in Fig. 3.3. As the width decreases, the 
strength of the specimens increases. The symbol key is similar to the one used in 
Fig. 3.2. Even though there is some spread in the data, there is a linear 
dependence between yield strength and a fixed width dimension, with the greatest 
spread around a/W=0.3 for all sets. 
3.3 DEFORMATION CHARACTERISTICS 
It is quite apparent that notch strengthening in cellular materials is influenced 
by specimen geometry. Using full field deformation mapping, the effect that the local 
deformation field close to the crack tip has on the macroscopic response will be 
investigated next. A phenomenological model will be developed based on these 
findings. 
Accordingly, eight specimens were chosen to test and investigate the role that 
"B" and "W" have on the macroscopic strength. A total of six groups are studied. 
Table 3.2 shows typical results of the eight chosen specimens (net section stress 
maximum and corresponding total strain value}. The six groups developed were: 
B=20, 30, 40 and a/W=0.3, 0.5 and 0.7. For each group, macroscopic behavior, as 
determined from the stress-strain curves, are presented and compared to the un-
notched specimen. The microscopic response for each group is presented as the 
full field shape of the dominant axial strain (Eyy). 
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3.3.1 Net section strength variation for a constant (a/VV) ratio 
In this group the a/W ratio is kept constant by changing the net section 
dimension, "B". 
a) a/W =0.3 
Figure 3.4 shows the characteristics of the nominal a/V1/=0.3 group. The 
macroscopic stress-strain curve is quite similar for different B-values. However the 
post yield response seems to be quite stiffer than for the lower B-value. It should be 
noted that for a/W=0.3, the near tip field becomes quite diminished because of the 
back sector free edge effect, and thereby allowing the stochastic nature of the 
cellular material to prevail. Accordingly, the maximum net section stress used was 
at a similar level of stress as of the other a/W values. From the macroscopic stress-
strain curve of Fig. 3.4a it is apparent that the maximum stress occurs at strains very 
close to that of the un-notched specimen. 
The axial strain maps shown in Fig 3.4b reveal the highly inhomogeneous 
deformation field near the crack tip region. Also, instead of having the clear bands 
of crushing every 4 cells apart as in the un-notched specimen, here the strain is 
localized around the two notches. This localization around the notches intensifies as 
the ligament size is decreased. In fact the localized strains of the cells near the 
notches are as high as 20% when the remote strain of the specimen is about 1 %. 
Cell crushing at approximately zero degrees seems to be the main collapse 
mechanism of the cells. The spread of the plastic zone is the same for both 
specimens. 
b) a/W =0.5 
For the a/V1/=0.5 group seen in Fig. 3.5, only two specimens are present and 
those are of ligament dimension B=30 and B=40 respectively. They both seem to 
have the same maximum net section stress. The drop in post yield stress increases 
with decreasing ligament size (B) very slight increase. 
The strain maps of Fig 3.5b reveal that as the a/W ratio increases the notch 
effect becomes prevalent. As 8 decreases the deformation localizes closer to the 
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notches. For the B=40mm specimen there are several preferential angles of 
localization but these seem to become less apparent for the B=30mm specimen. 
Both specimens seem to have two modes of deformation -either crushing at zero 
degrees or shearing at one (or many) preferential angle(s). 
c) a/W=0.7 
The stress-strain curves of Fig 3.6a show that the maximum net section 
stress increases with decreasing B values. Also the total strain (corresponding to 
the maximum net section stress) decreases with decreasing B as seen in Table 3.2. 
From Table 3.3, and by comparison to the post-yield drop values of this group, one 
can conclude that there is a slight increase in the post-yield stress differences with 
decreasing ligament size. The energy absorption is still greater for the DEN 
specimens than the un-notched. 
The strain maps of Fig. 3.6b reveal a clearer view of the preferential angles of 
localized deformation. The deformation field becomes even more localized at the 
notches as B decreases. The size of the plastic zone decreases. Finally, the 
B=40mm specimen favors more shearing, compaction and rotation of cells at varying 
angles. The specimen with B=20mm has a very brief region of shearing 
(compaction and rotation) at one main angle, but then it switches to compaction at 
zero degrees for a small region between the two notches. 
Figures 3.7a-c show the in-plane deformation maps for different strain 
components (Eyy,EXy,EXx ) for the two specimens of the a/W=0.7 group having a small 
number of cells in the ligament between the notches (B). Figure 3.7a shows the in-
plane deformation map of axial strain (E~, ). The localization bands close to the 
notches occur at two different angles, one at about 47° and the other at -27° from 
the symmetry axis. The angles are almost the same for both specimens. Also, 
there is a change of angle of the deformation band for a region close to the notch 
when compared to a region farther from it. Figure 3.7b depicts the in-plane shear 
deformation map (~Xy ) for the two specimens. The value of shear in the localization 
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band is minimal when compared to the value of E~ (compare 4% to 20% strain). 
Also, shearing mostly happens in the localization bands that are close to the 
notches. The localization bands for a region close to the middle of the ligament are 
not under shear. Finally, Fig. 3.7c depicts EXX ,where again the deformation bands 
have a minimal EXx when compared to ~~,, but interestingly there are regions in the 
specimen where both axial strains are compressive. When the microscopic 
components of all groups are presented only E~ is given. This is because it is the 
only significant component. 
3.3.2 Net section strength for a constant net section dimension 
In this study, the net section width 8 is kept constant (B=20, 30, 40 mm) while 
the a/W ratio is changed (aNV=0.3 to 0.7). 
a) B=20mm group 
The stress-strain graphs for the two B=20 specimens are depicted in Fig. 3.8a. 
The remaining specimens that comprise the B=20 group were mostly from Sugimura 
et al. (1997) so they are not included here. The two DEN specimens in Fig.3.8a also 
have the same nominal a/W ratio. 
There are a few subtle differences in the macroscopic response for narrow 
net section ligament size. Besides the higher net section strength (6Net ), the 
specimens present higher unloading stiffness and lower critical strain value 
(k=F/b=4.07X 106 N/m) when compared to un-notched specimens (ETnotched _ 2 ~8% , 
k=3.12X 106 N/m). In addition, the DEN specimens seem to be capable of absorbing 
more energy than the un-notched specimen. The strain energy density was found 
for both the DEN and the un-notched at a 2% strain to be 32.6Kj/m3 for the DEN and 
18.3Kj/m3 for the un-notched. Another value that might be of interest is the post-
yield stress (for definition refer to Fig. 3.1). Table 3.3 shows that exact variation, i.e., 
the difference between maximum net section stress and post yield stress. However 
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no comparisons can be made due to the lack of specimens in other a/V1/ groups with 
B=20mm. 
The axial strain maps of Fig. 3.8b show that the localization is confined very 
close from the crack-tip region. The localized deformation band follows an angular 
path from the crack tip that changes to a horizontal path within the middle section. 
b) B=30mm group 
The stress strain curves (Fig 3.9a) of the un-notched and the three DEN 
specimens indicate that the peak stress is about the same for all three DEN 
specimens (independent of a/W). All three DEN specimens have the same 
unloading modulus. 
The axial strain maps of Fig 3.9b for the DEN specimens indicate that the size 
of the intense deformation zone is kept the same for all three a/VV values, but the 
intensity of the field changes. As the a/W ratio. increases, single localized 
deformation bands occur closer to the notches. For the a/W=0.25 specimen, the 
deformation field is more stochastic and resembles more that of the un-notched. 
With increasing a/W, a combination of shearing and crushing occurs and the angles 
also seen in the B=20mm group become apparent. 
c) B=40mm group 
The macroscopic response presented in Fig. 3.10a shows that the net section 
strength is independent of the a/W ratio. The post yield response is approximately 
at the same level, with minor fluctuations. 
For this group of specimens, there are several deformation bands that 
emanate from the notch center. Far away from the crack tip region, these localized 
cell deformation bands are two to three cells apart. Thus they begin to resemble the 
un-notched specimen's cell deformation bands (Fig. 1.2). However the crack tip field 
still dominates close to the notches since near the crack tip the localized bands are 
emanating at a 45° angle. For this B-value, the notch enhancement due to the crack 
tip field affects a smaller region of B; a larger region of B is affected by the remote 
field. This can explain why this group reaches lower net section strengths when 
compared to groups where B is smaller. 
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3.4 COMPARISON OF DEN AND SEN SPECIMENS 
The experimental measurements have shown that the SEN specimens had 
maximum net section strengths comparable to those of the un-notched specimen. It 
is of interest to view the differences between a DEN and an SEN specimen with the 
same ligament dimension (B) and the same a/V1/ ratio. 
From the stress strain plot of Fig. 3.11 a it can be observed that the SEN 
specimen's plot is similar to that of the un-notched specimen. In fact this particular 
SEN specimen is even softer than the un-notched, but has a slightly greater net 
section stress and a little greater energy absorption. In contrast the DEN specimen 
exhibits a significant increase in net section stress, and a higher stiffness value than 
the un-notched. 
The strain maps of Fig. 3.11 b can perhaps give some insight as to the 
difference in the macroscopic behavior. The DEN specimen exhibits localized cell 
deformation on an angular path for a region close to the crack tip. In the remote 
field the cell deformation is that of localized crushing bands. There is a switching of 
deformation mode to that of cell crushing. The SEN specimen exhibits intense 
deformation ahead of the notch, accompanied with insignificant shearing as the 
deformation band approaches the edge. The main failure mode for the SEN is the 
crushing mode. Also while the experiment was performed, the SEN specimen 
exhibited large rotations at both the top and bottom regions. This caused the outer 
edges to bow. The rotation commenced at the initial stages of loading so this is a 
possible explanation of why the SEN specimen is even softer than the un-notched. 
The distribution of the in-plane strain components (En,,~Xy,EXX ) and the rotation 
( wZ ) along the center of a line parallel to the loading axis, are shown in Figs. 3.12-
14. The corresponding full field in-plane strain distribution is also shown. 
The single edge notched (SEN) specimen showed a single axial strain concentration 
along the plane of the crack tip. However there is no significant deformation away 
from the crack plane. The spin distribution showed that both upper and lower 
segments of the SEN specimen have rigidly rotated around the crack plane. The 
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high level of shearing close to the notch tip is to accommodate for such jump in 
rotation across the crack plane. 
The DEN specimen showed quite a different trend, where there are two 
crushed bands above and below the notch plane. A closer examination of these 
bands reveals that the crushing band is surrounded by a neighboring zone that 
would present either rigid body cell rotation or shearing. The deformation of cells in 
a deformation band is also shown (cell A). The cells at A have very small levels of 
shear and rotation. The dominant strain is E~ that causes cell distortion. The small 
level of cvZ ,causes the cell to rotate slightly. 
3.5 CRACK TIP CHARACTERIZATION 
This experiment can provide much more information regarding the behavior of 
Alporas. As stated earlier, the specimens were tested in compression. For the 
notched specimens, in addition to this remote uniform loading there was the 
interference of the field caused by the existence of the notches. So one might think 
of the results presented earlier as an analysis of the added effect of the remote 
loading field (mainly causing cell compaction) and the notch field (causing a 
combination of compaction, shearing and rotation). It is also possible to determine 
the characteristics of the crack tip field. 
For dense materials, the conditions close to the crack are that of plane strain. 
And the field, no matter if the material is elastic or elastic-plastic is of the form: 
where r and 8 are shown in Fig. 1.11. Amplitude variations of f and g functions can 
be expected for different values of the radius or the angle, but the trend of each 
function should always be the same. 
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3.5.1 Angular dependence 
A series of line plots were constructed for further study of the angular 
dependence of an SEN and a DEN specimen. The plots were constructed using 
TecplotTM, and data were extracted along a series of concentric circles centered at 
the notch tip. The reference for the notch tip is taken as the geometric center of the 
notch (see Fig. 3.15). It should be noted that the location of the notch was an 
approximation, since the notch changed shape or blunted) during the loading. 
Figure 3.15 shows the size of the concentric circles relative to the specimens. It is 
also noted that the dimensions of the ligaments (B) for the DEN and SEN specimens 
were 18mm and 20mm respectively. The smallest circle was 4.25mm away from the 
notch tip center and the largest was 18.25mm away. 
3.5.1.1 Double edge notched specimen 
Figure 3.16 shows the angular variation of a measure of equivalent strain 
(Eq.2.3) for the series of concentric circles constructed on the DEN specimen. Fig. 
3.16a shows that at 4.25mm from the notch center the maximum value of Eeff is at 
46°. There is also another peak value that occurs at -45° from the symmetry axis. 
The maximum value shifts by 3° when the angular dependence is investigated 
6.25mm away from the notch center. In Fig. 3.16b it can be noticed that the 
amplitude of the £eff changes as the specimen is probed 8.25mm away. In addition 
to the change in amplitude of the 44°,anew peak is now created at about 16°. 
Slowly this new peak shifts and increases in amplitude whereas the 44° peak shifts 
but decreases in amplitude only to disappear at a radius of 12.25-14.25mm from the 
notch tip center. The amplitude of the new peak never quite reaches that of the first 
peak until the field of the left notch can also interfere. At a distance of 18.25mm 
from the notch center the peak shifts to an angle of 10° with the first peak at 46° 
having vanished. !t can be seen from this DEN strain map of Fig. 3.15 that the 
second peak of about 10° appears at the location where the deformation band mode 
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changes from a combination of shearing, crushing and rotation to that of mostly 
crushing. The change in angle occurs gradually, but when the change occurs, the 
first angle vanishes. 
Figure 3.17 is a series of plots of the in plane strains (Eyy,EXy,EXX) and rotation 
( wZ }for three radii (r/ro=1.3, 3.2 and 5.6 respectively). Fig 3.17a is for the angular 
dependence of r/ro=1.3. The EXX and EX are comparable in magnitude to E Both y ~ 
axial strain components (EXX , Ey},) are compressive with £XX component fluctuating 
between zero and a negative value. This is quite remarkable and in contrast with 
HRR type strain fields under Mode-I loading in dense metals, where the transverse 
strain component is equal in magnitude and opposite in sign to the opening 
component. The strain field is accompanied by large cell rotations. The maximum 
rotation occurs at 45°. Figure 3.17b shows the angular strain distribution at r/ro=3.2. 
The EXX and EXy are smaller in magnitude than the Eyy However, the two normal 
strains remain of the same sign. The rotation (wZ ) is almost zero, except along the 
crushing band, where it changes sign. This change in sign indicates shearing 
deformation. Figure 3.17c shows the angular dependence variation at r/ro=5.6. The 
dominant axial strain is Eye and the other two in-plane strain components (EXX , £Xy ) 
are almost zero. The wZ for this radial distance is almost everywhere zero except at 
the location of the deformation band. wZ is very small within the deformation band 
when compared to its value close to the crack tip. The small peak of strains that is 
observed at about 45° is possibly due to the field of the left notch interfering with that 
of the right notch. 
The final series of plots for the radial dependence of the DEN specimen is 
that studying the mean and deviatoric components of the strains (Eyy,Exy~£XX )• 
Remembering that 
where Em is the mean strain and e;~ is the deviatoric strain, it is noted that the shear 
strain has no mean strain component. For a state of plane strain, the mean strain is 
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~m = (Exx +~yy )/2 = (~pl +~p2 )/2 . (3.5) 
In Fig. 3.18a-c it can be seen that for this pressure sensitive material the angular 
distribution of the mean strain is not constant around the crack tip. The mean strain 
exhibited both radial and angular variation. In Figs. 3.18, EaX is opposite in sign but 
with the same magnitude as E~ The mean strain is always negative in sign 
(always compression) but changing in magnitude. The strain field trend becomes 
similar to those of the HRR type for dense materials under plane strain. In addition, 
the difference field is not only influenced by the level of constraints but also by the 
pressure field. 
3.5.1.2 Single edge notched specimen 
Fig 3.19a shows the variation of a measure of the equivalent strain for the 
series of concentric circles for the SEN specimen. The number of circles and their 
dimensions are similar to those of the DEN specimen. The peak strain for the SEN 
specimen at a radius close to the crack tip occurs at about 0°. The peak continues 
to exist but shifts slightly in angle up to r/ro=5.6. At that location a change in angle 
can be observed and a new peak is formed at an angle of 18°. The SEN specimen 
differs from the DEN in the fact that in the crack tip region the Eeff is maximum at 
about 0° instead of 45° observed for the DEN. 
The angular variation of E~,,EXy,EXX and wZ are shown in Fig. 3.19b for r/ro=3.2, 
r=12.25mm. The strain components EXX and EXy have smaller magnitudes than E~ , 
while wZ has a change in sign about the crack plane, indicating that the upper and 
lower parts of the specimen rigidly rotate about the crack plane. 
The angular variation of the mean and deviatoric strain components is plotted 
for r/ro=3.2, r= 12.25mm. As with the DEN specimen, the mean stress is not 
constant. Its amplitude varies with both the angle and the radius from the notch tip 
center. 
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3.5.2 Radial dependence 
A new series of line plots is constructed for the same DEN and SEN 
specimens to try to view the radial dependence of a measure of the equivalent 
strain. For this reason a series of equidistant lines were constructed. They originate 
at the notch tip center but have varying slopes, starting from 0° and extending up to 
70° in increments of 5°. The lines can be seen in Fig. 3.20 where the size of the 
lines with respect to the specimen dimensions can be compared. The lines 
extended up to 5.5ro, where ro=3.25mm is the size of the notch tip radius. 
3.5.2.1 Double edge notched specimen 
The DEN radial dependence of £eq is shown in Figs. 3.21. For angles less 
than 30° the radial dependence is severely influenced by the far field response and it 
is difficult to determine how Eeq varies in the near crack tip region (Fig. 3.21 a). For 
angles greater than 30° the trend of the field more closely resembles that of an HRR 
type field for dense materials under plane strain conditions. It should not be 
forgotten that £eq is maximum at 45°. Any variation from the HRR field is the 
difference field. As the angle increases from 30° to 45° so does the amplitude of seq. 
After 45° the amplitude decreases. 
Figure 3.22 is a normalized logarithmic plot of the radial dependence of £eq for 
a range of angles close to the maximum seq. The measure of £eq was normalized by 
the ratio of yield strength to unloading modulus of un-notched Alporas where 
~o=1.3MPa and E =0.7GPa. In addition to these plots, two lines of varying 
hardening exponent values were plotted. The hardening exponent was calculated 
using the stress-strain graph of the un-notched specimen by 
W 
n=H= (3.6) 
W 
where W is the strain energy density and W is the complementary strain energy 
density calculated at the limit load. For this type of cellular material, n ~ 3 . The 
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strain of an HRR-type field for dense solids in plane strain was seen in (1.4) to be 
—n 
£~ ~ y.n+i . Thus, for the region of 1 <r/ro<2.3 the measure of equivalent strain has the 
same trend as an HRR-type field for dense solids in plane strain with n = 3 . When 
r/ro>2.3 there is no longer a similar trend with the HRR-type field of dense solids in 
plane strain. 
3.5.2.2 Single edge notched specimen 
The SEN specimen had a less clearly delineated field distribution since it 
exhibited intense deformation ahead of the notch so for 1 <r/ro<3 it became very 
difficult to correlate the deformed image to the undeformed. Figure 3.23 shows the 
radial dependence of a measure of £eq for lines varying between 30-45° It is 
expected that the £eq field of the SEN also resembles that of HRR type under plane 
strain conditions near the crack tip. 
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Figure 3. 1 Example of a stress strain plot with all the important values 
that are used in the figures to follow. 6N t  is the maximum net section 
stress, 06 is the drop in stress from the maximum net section stress to 
the post-yield stress (6Post ). Finally, ET is the total strain corresponding 
to the maximum net section stress. 
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Figure3. 2 Maximum net section stress normalized with unotched yield 
stress versus notch size (a/W) for specimens tested emphasizing the 
variation with B (ligament dimension). The circled data points are those 
of Sugimura et al. (1997). 
Table3.1 a 
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20 v 
30 • ■ ~ 
40 0 ■ 
Table 3.1 b 
85-100 60 40 
20 - ~- ~' 
Table3. 1 Keys to symbols used in Figures 3.1-2 for Double-
Edge-Notched (DEN) (Table3.1 a) and Single-Edge-Notched 
specimens (SEN) (Table 3.1b). 
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Figure3. 3 Maximum net section stress normalized with unotched yield stress 
versus notch size (a/W) for specimens tested emphasizing the variation with 
W (width). The circled data are those of Sugimura et al. (1997). 
/W 
B 
0.3 0.5 0.7 
a/W=0.6SsN ~ =1.s22MPa 
2 0 
ET = a79°i° 
6 Net - 1.95~IPa 
ET=o.92°r° a/W=0.6~ 
a/W=0.25 a/W=0.48 a/W=0.69 
3 Q 6N ;x =1.762MPa 6~ ~ =1.499MPa 6N ~ =1.657MPa 
ET = 2.03% s,. =1.199% ET = 0.89% 
a/W=0.28 a1W=0.48 a/W=0.64 
40 6N ~" =1.674MPa 6h ~ =1.674MPa 6N ~ =1.647MPa 
ET =1.52% ET =1.76% ET =1.73% 
Table3.2 Maximum stress and corresponding total strain values for the eight 
specimens closely examined in Fig3.4-9 for further correlation between 
macroscopic and microscopic behaviors. Note that they were separated into 
groups according to their nominal values. 
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Figure3. 4 Net section stress (MPa) versus logarithmic strain (a) for 
specimens with the same a/W=0.3 value as compared to the specimen with no 
notch. The strain maps (b) are for the two notched specimens and the gray 
scale ranges from 0-10% strain(compression). The strain maps were taken at 
2.07% for B=31 and 1.81 %strain for B=42. These images were taken as 
close to the maximum net section stress for each specimen as possible. 
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Figure3. 5 Net section stress (MPa) versus logarithmic strain (a) for 
specimens with the same a/W=0.5 value as compared to the specimen with 
no notch. The strain maps (b) are for the two notched specimens and the 
gray scale ranges from 0-10% strain(compression). The strain maps were 
taken at 1.24% for B=31 and 1.97% strain for B=40. These images were 
taken as close to the maximum net section stress for each specimen as 
possible. 
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Figure 3. 6a Net section stress (MPa) versus logarithmic strain for 
specimens with the same a/W=0.7 (nominal) value as compared to the 
specimen with no notch. 
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Figure3. 8 Net section stress (MPa) versus logarithmic strain (a) for 
specimens with the same ligament size (B=20mm) as compared to the 
specimen with no notch. The strain maps (b) are for the two notched 
specimens, the gray scale ranges from 0-20% strain(compression). The 
strain maps were both taken at 0.92% strain close to the maximum net 
section stress for each specimen. 
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Figure3.9a Net section stress (MPa) versus logarithmic strain for 
specimens with the same ligament size (B=30mm) as compared to 
the specimen with no notch. 
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Figure3. l0a Net section stress (MPa) versus logarithmic strain for 
specimens with the same ligament size (B=40mm) as compared to the 
specimen with no notch. 
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a~ 
B 
0.3 0.5 0.7 
ZQ 46 = 0.326 ± 0.122 MPa 
3 Q 4 6 = 0.243 ± 0.123 MPa d Q = 0.321 ± 0.085 MPa 4 6 = 0.405 ± 0.143 MPa 
40 d ~ = 0.263 ± 0.076 MPa d 6 = 0.311 ± 0.066 MPa 
d 6 = 0.303 ± 0.056 MPa 
Table3. 3 Difference between maximum net section stress and post yield 
stress for each of the eight specimens (06 = 6N t  — ~P )studied in Figs 
3.3-8. It should be noted that 06 for the unotched specimen has a value of 
0.193 MPa. 
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2.0 
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6 Net 
[MPa] 1.0 
0.5 
0.0 1.0 2.0 
-0.02 
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-0.06 
-0.08 
-0.1 
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-0.2 
(a) 
(b) 
Figure3. 11 Net section stress (MPa) versus logarithmic strain (a) for SEN 
and DEN specimens with the same ligament size (B=20mm) and width 
(W=60mm) as compared to the specimen with no notch. The strain maps 
(b) are for the SEN and DEN specimens, the gray scale ranges from 0-20% 
strain(compression). The strain maps were taken at 0.92% strain(DEN) 
and 1.96%(SEN) close to the maximum net section stress for each 
specimen. 
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CHAPTER 4. DISCUSSION 
In Chapter 3 the deformation mechanisms of notched ductile metallic foam 
specimens (SEN and DEN) were presented. It was seen that the SEN with no 
increase in net section strength, had only one active cell deformation mode: 
compaction. One might think that the asymmetrical notch of the SEN specimens 
acts as a large defect that initiates the crushing band. In contrast, the DEN 
specimens exhibit net section strengthening and have two active deformation 
modes: compaction or shearing combined with cell rigid rotation. One might think 
that for DEN the cells close to the notch tip are mostly affected by the crack tip field. 
Cells that are in the middle region of the crack plane are mostly affected by the 
remote loading. 
In this Chapter a phenomenological model for the DEN specimens will be 
developed to explain the notch strength enhancement. This model will arise from 
the geometry giving a lower bound for the limit load by the creation of a zone of 
enhanced strength. In addition, this enhancement will be explained from anon-local 
continuum elastic theory model. 
Finally, the results of Chapter 3 will be compared with past research, and the 
implications of the notch enhancement (or lack of it) will be analyzed along with any 
future work that is to be done on this topic. 
4.1 DISCUSSION FOR SIZE DEPENDENCE 
From the full field deformation mapping and the creation of the groups the 
following can be concluded: for the set of groups with constant nominal notch ratio 
(a/W) and varying ligament size, the plateau stress increases with decreasing B as 
does the spread of the plastic zone size. The deformation intensifies around the 
notches with decreasing ligament size. 
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The set of groups with constant ligament size and varying nominal notch 
dimension (a/VV), have a constant plateau stress. The spread of the plastic zone 
remains unaltered and deformation intensifies around the notches with increasing 
a/V1/ ratios. 
Specimens with B>30mm and/or a/W<0.5 have deformation fields that 
become diluted and the modes of cell deformation are not apparent. But for all other 
specimens it can be seen that the mode of deformation is either crushing or both 
crushing and shearing, at certain preferential angles and the neighboring cells either 
hinder or aid the progress of a certain cell deformation mode. Since for the 
specimen with the largest net section stress there was a switch from shearing, 
compaction and rotation to mostly compaction, this can give hints to the creation of a 
phenomenological model. The strain maps seen in the previous chapter reveal that 
the deformation for this Alporas foam under non-uniform loading is not at all random. 
Different bands of localized deformation are created and their orientation, their 
intensity and spread is dictated by geometric constraints. 
The results also give the impression that the imposed constraints on this low 
density ductile metallic foam influence it such that it behaves almost like a dense 
material in plane strain under the presence of notches. 
It should be reminded that for DEN dense materials in plane strain the limit 
load for infinitely thin cuts is 
~im = (1 + ~z l 
2)Funotched (4.1) 
which already gives strengthening, since a Prandtl type field is created close to the 
thin cuts. When the notches become of circular base, then the field depends on the 
ratio of B to the notch radius of curvature (ro). In this case the problem gives BVP 
solution with logarithmic spirals that is 
Fim = (1 + 2ro /B)ln(1 + B/2ro)Fm~tched (4.2) 
and is valid for In (1 + B / 2ro ) <_ ~ / 2 . 
For a dense solid, when B=18mm and using (4.2) the limit for the DEN specimen is 
predicted to be 1.4 times greater than the limit load of the un-notched. This result is 
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very close to the strengthening seen in the SEN ductile cellular material tested in 
compression for this very dimension. 
4.2 PHENOMENOLOGICAL MODEL FOR THE DEN 
The strain maps presented in the previous chapter can aid in the 
development of a model for this strengthening seen for the DEN specimens when 
compared to that of the un-notched specimen. 
The model needs to account for the fact that the DEN specimens are not only 
undergoing compaction but also shearing accompanied by rotation at a region close 
to the notch. Thus the idea is that there will be a process zone of enhanced 
strength, which increases the strength the specimen can sustain. Fig. 4.1 a shows a 
schematic of this idea. The process zone size (B*) is a function of the cell size (d): 
and the process zone strength will be increased from that of the un-notched 
specimen by a factor ~ >_ 1 
6 o*—yJ6o (4.2) 
Thus the limit load can be calculated and y and ~ are proportionality constants that 
can be found experimentally. 
From the experiment, the region of the ligament closer to the notch will have a 
deformation band at a 45° angle followed by a band at 0°. It can be seen from the 
diagram of Fig. 3.18c that at the 45° angle, the shear and lateral strain components 
are small when compared to the axial strain component. For this reason the lateral 
and shear strains are taken to be zero in the region close to the notch having 
dimension of ~ in Fig. 4.1 b. It was also seen in Chapter 3 that the cells in the region 
of dimension ~ undergo large rotations. Thus the cell deformation mechanism here 
involved cell crushing with small shearing accompanied with large rotations. The 
crack tip field and the constraints prevent the cells from crushing at 0°. Thus huge 
cell rotations ensued until the cell deformation band was approximately one cell 
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apart from the notch plane. During this motion, a combination of crushing, shearing 
and rotation was deforming the cells. However the dominant strain was Eyy and the 
cells of the crack tip region collapsed when they reached moo. When the collapsed 
cells were one to two cells above the notch plane, the cell rotation became minimal. 
The ensuing cell deformation mode was mostly crushing and occurs at about 0°. 
From this information the limit load can be found to be for specimens with a /W >_ 0.3 
F . . = 6 (B —2~)t+ 2~6 fit, (4.3) Limn o 0 
where ~ is the extend of the crack tip deformation zone as determined 
experimentally, ~o is the uniaxial yield strength of Alporas, and t is the specimen 
thickness. From the experiment ~=2d (where d is the average cell diameter) and the 
limit load expression of the notched specimens becomes: 
F Limit — 6 ot(B + 4d (~ —1)) (4.4) 
The model is compared to experimental data in Fig. 4.2. The model more accurately 
describes the behavior of the B=20 and 30mm specimens. However it should be 
remembered that this method finds a lower bound for the limit load. From this 
method 
It should be again remembered that this method gives a lower bound for the limit 
load. 
4.3 COMPARISON Wl TH F/Nl TE ELEMENT MODEL 
The results that were presented in Chapter 3 are next compared to a 
preliminary non-local elastic FEM simulation of a model created by Dr. Guo to show 
the geometrical origin of the observed size dependent notch strengthening. The 
following is an overview of the model. 
The model incorporates anon-local continuum elastic framework by using 
Cosserat Elasticity or micro polar theory. Fig 4.3a depicts the analyzed lattice 
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cases that can be used in the model. The hexagonal, 2-D lattice was the one 
chosen for comparison with Alporas foam. 
4.3.1 Micro polar model 
The micro polar constitutive model used has had wide applications in granular 
materials since the extra degree of freedom (see Fig 4.3b) allows also for node 
rotation. This can help in accounting for cell rotation (with neighboring cells being 
immobile) with plastic instability and initial geometrical inhomogeneity. It can also 
help in simulating the discrete bands where intense deformation occurs, but 
neighboring areas in the material have little or no deformation. 
In continuum theory (mean field local theory), each material point that 
represents a certain volume of material must have dimensions much smaller than 
the overall specimen size. Also the constitutive behavior of the volume of material 
must represent all other material in the structure. In such mean field local 
representation the stresses and strains are uniquely defined at each material point, 
regardless of the microstructure length scale. However, when the deformation 
becomes highly heterogeneous at the cell level, a non local theory is needed. For 
such a theory, the stress state at a material point would depend on the strains and 
their gradients within the neighboring region. When one of these two conditions fail 
then the continuum theory cannot be applied for cellular material constitutive 
relations. If a cell level representation were adopted, it would obey none of the two 
conditions and thereby a Cosserat continuum can be incorporated to assess the 
observed size dependent continuum response. 
Since notched specimens were of most interest in this study and these 
specimens had an axis of symmetry, only one fourth of the entire model was 
analyzed. The arrays were 2-D and uniform and under the condition of plane strain. 
It has been said that the nodes in the micro polar model can translate and 
rotate (3 d.o.f.). This case gives that each material point can support both the 
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classical Cauchy stress (~;~) and a couple stress (M1, ). For equilibrium to be 
achieved the following must be satisfied: 
~~j ~ = 0 and M~1 ~ +e;k~~k = 0 
The micro polar theory was then implemented in the FEM program ABAQUSTM using 
a 9-node quadrilateral element. 
4.3.2 FEM results and comparison with experimental results 
Figure 4.4 shows the apparent stiffness variation for both SEN and DEN 
specimens having the same number of cells in their notch plane (B) but varying 
nominal a/W ratios (a/W=0.3 to 0.7). Both the SEN and DEN specimens have 
higher stiffness values when compared to the un-notched. The apparent stiffness 
increases with increasing a/W ratio for both the SEN and DEN specimens. The DEN 
specimens have the highest apparent stiffness values of all. 
The DEN apparent stiffness variation using FEM has the same increase in 
stiffness with increasing a/V1/ ratio as does the DEN set presented in Fig. 3.5a. 
However, it should be reminded that the results of the a/W=0.3 group become 
diluted because of the back sector free edge effect and can have varying levels of 
limit load and hardness values. 
The model can be used to explain the higher net section strength values of 
the DEN specimens when compared to the un-notched yield strength. The apparent 
increase in stiffness of the FEM 2-D hexagonal arrays shows that the strength 
enhancement commences for foam while the specimen is still in the elastic range. 
With the DEN specimen predisposed to reach higher limit loads plasticity is reached. 
There isn't anon-local continuum plasticity framework that can predict the response 
of this inhomogeneous pressure sensitive material in the plastic range. 
Figure 4.5 shows the in-plane effective stress component for the three DEN 
hexagonal 2-D arrays implemented in FEM. Note that for all three arrays a 
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localization exists at approximately 45°. The localization then switches to become 
almost horizontal for a region farther from the crack tip (angle ranging from 7 to 20°). 
Thus, the localization at 45° is prevalent near the crack tip from the elastic range. 
This localization is also observed experimentally but is more pronounced for the 
a/V1/=0.5 and 0.7 groups. 
Finally Figure 4.6 depicts two in-plane stress components (~~,, ~XX) for the 
DEN and SEN specimens. The ~XX component is compressive (same as the 6yy
component) and exhibits a switch in localization for the DEN specimen. The SEN 
specimen does not show a change in localization. 
4.4 ASSESSMENT OF THE STUDY 
The enhancement of net section strength for the DEN specimens is not 
predicted by mean field local continuum theory (as seen by Fig. 1.4a). However, the 
above trend can be assessed based on Voronoi structure modeling. The 
macroscopic response seen experimentally for the DEN specimens is seen in the 
FE simulations of 2-D Voronoi in tension by Andrews et. al (2001 c). It can be 
thought that the SEN specimens behave exactly as the CCP specimens of that 
study. Andrews et al. (2001d) have also presented a phenomenological relationship 
for the DEN specimens (1.2). Their model predicts that cells fail under shear in 
regions near the crack tip, but this claim has been disproved in this study by the aid 
of the in-plane strain deformation maps and the plotting of various strain 
components as well as the spin for a region close to the crack tip. Also the 
phenomenological model developed in this study can give a lower bound of the limit 
load from remote loading values and specimen dimensions. In addition to this, this 
current study has showed that the net section strength of the DEN specimens is 
dependent on both the a/W ratio and the number of cells in the notch plane (B). 
The deformation trend of the DEN specimens were also observed from Finite 
Element modeling of 2-D randomized honeycombs (Onck, 2000). The results 
showed localization of the deformation bands closer to the notches for increasing 
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a/W values. One interpretation for the strengthening seen in the DEN specimens is 
that it might be caused by the creation of a "lock" similar to that seen in Onck (2000) 
for the ordered honeycomb (see Fig.1.7a). 
As useful in comparison as Finite Element simulations might be, they 
present limitations over experimental results and phenomenological models. It might 
be impossible to create more complex models in FE. Such models are needed 
however when a cellular material is to interact with the surroundings or it is to be 
used as a small component in a larger system (i.e. sandwich panels). 
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B 
Figure 4.1 The zone of enhanced strength ahead of the notch in a cellular 
material is shown in (a) . The phenomenological model and all the relevant 
quantities are shown in (b). 
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Figure 4.2 Enhancement model comparison with experimental results for 
the DEN specimens. The model is expression is in (4.4), and for this 
material d=4.Smm. Note that the model is not valid for a/W<0.2. The 
circled specimens are those of Sugimura et al. (1997). For an index of 
symbols and shading schemes refer to Table 3.3. 
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Triangular lattice Square lattice Hexagonal Lattice 
Figure 4.3a The different ordered lattices that can possibly be used in the 
micro-polar model. The hexagonal lattice was the one used for the FEM 
simulation of notched Alporas specimen. 
Y 
x 
u 
n 
u t 
~e 
Figure 4. 3b The coordinate system used in the micro-polar model. 
Each node was allowed to displace along the x l-x2 axes. Also each 
node is allowed to rotate (independently from other nodes) giving an 
extra d.o.f. 
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Figure 4. 6 The shear and lateral stress components for the SEN 
and DEN specimen with a/W=0.5. The structures are still 
within the elastic range. 
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CHAPTER 5. CONCLUSIONS 
The experimental results of this study have given an insight to the behavior of 
cellular materials under non uniform loading. It was shown that DEN specimens had 
net section strengthening when tested in compression whereas SEN specimens did 
not. By using strain maps and observing deformation at the cell level, it was 
possible to understand the different modes of cell level deformation and develop a 
phenomenological model for the strengthening seen in the DEN specimens. 
In addition to increases in net section strength, the DEN specimens were 
capable of absorbing higher energy levels at the same strain compared to unotched 
specimens (176% increase). Also, the higher net section strengths seen in the DEN 
specimens would signify that the energy absorption would be triggered at higher 
stresses. It is thus possible, to design energy absorbers that absorb certain 
amounts of energy and are triggered at a certain stress levels. This can be done by 
just using symmetric notches and changing the number of cells in the notch plane. 
The trend of the experimental observations has been substantiated with the 
use of a non-local continuum response of an elastic material. The results of the 2-D 
Voronoi utilizing such a response reveal that the localization of cells at particular 
angles emanating from the notch commences while the material is in its elastic 
range. When plasticity is reached, there is already a predisposition of the material to 
reach higher limit loads. The inexistence of a non-local continuum framework 
enveloping plasticity prevents any further prediction of the response of 
inhomogeneous pressure sensitive materials in the plastic range. 
The results seen here should not be limited to only cellular materials but can 
be utilized in any material system wherein the internal microstructural length scale is 
of the same order as that of the geometric structural dimension. They can give an 
understanding of the effect geometrical constraints have on the macroscopic 
properties of a structure. 
94 
This study can be used in future applications of cellular materials. Whenever 
a cellular material is to be secured on other structures via bolts, rivets or other 
fasteners a symmetric hole pattern should be drilled on the cellular material. This 
would take advantage of the high net section strengths seen in the DEN specimens. 
Also by decreasing the number of cells in the notch plane, the net section strengths 
would increase. 
The phenomenological model can also be useful for the design of complex 
structures involving cellular materials comprised of a few cells (i.e. sandwich 
panels). It was seen that a pressure sensitive continuum model cannot capture the 
effect the geometrical constraints have on the macroscopic cellular material 
properties. Any FEM simulation might be useful in providing results but it will be 
impractical to apply to any large scale or more complex structures. 
The experimental measurements showed that the pressure and deviatoric 
terms are varying in both the radial and angular direction from the notch center. 
Within a distance of r/ro =2 from the notch the field is similar to an HRR-type field in 
2-D Mode I plane strain conditions with an added pressure term. This observation 
would give a methodology to address the near tip field in cellular materials by 
employing a similar frame of work of two _term fracture criteria similar to J-Q theory 
wherein the pressure term is an added factor affecting the difference field. 
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